scanning radars measurements. However, it is not always applicable of using these techniques to 87 retrieve LWC. If raindrop diameters are comparable to at least one of the radars' wavelength, 88 former publications are modified and combined to estimate the LWP in the stratiform precipitating 110
systems. 111
The goals of this study are to retrieve the LWP below the melting base, which includes 112 both RLWP and CLWP retrievals using radars measurements, and tentatively answer two 113 questions based on observations and retrievals in the stratiform precipitation systems during MC3E: 114
(1) what is the occurrence of cloud below the melting base in the stratiform precipitation systems; 115
(2) what are the values of simultaneous CLWP, RLWP and LWP, and how does CLWP or RLWP 116 contribute to the LWP. Note that the CLWP and RLWP are constrained in a stratiform 117 precipitation layer below the melting base and above the surface. The LWP estimations in this 118 study are primarily aimed at stratiform precipitating events exhibiting melting-layer features from 119 radar measurements with lower-to-moderate rain rates (RR < 10 mm hr -1 ). The instruments and 120 data used in this study are introduced in section 2. Section 3 describes the methods of retrieving 121
LWP (both RLWP and CLWP). Section 4 illustrates two examples and followed by statistical 122
results from more samples during MC3E. The last section gives the summary and conclusions. 123
Acronyms and abbreviations are listed in Table 1 . 124 125
Data 126
The MC3E field campaign, co-sponsored by the NASA Global Precipitation Measurement 127 and the U.S. DOE ARM programs, was conducted at the ARM SGP (northern Oklahoma) during 128 temporal resolutions of KAZR-ARSCL product are 30 meters and 4 seconds, respectively. Since 156 the 3-GHz and 35-GHz VPRs are independent radars with different dwell time and sample 157 volumes (Williams et al., 2016) , the radar observations are processed to 1-min temporal and 60-m 158 vertical resolutions in this study. 159
Disdrometers 160
DOE ARM program maintains a suite of surface precipitation disdrometers. 161
Measurements and estimations from the Distromet model RD-80 disdrometer and NASA two-162 dimensional video disdrometers (2DVD) deployed at the ARM SGP site are used in this study. 163
The RD-80 disdrometer provides the most continuous raindrop size distribution (DSD) 164 measurements at high spectral (20 size bins from 0.3 to 5.4 mm) and temporal resolutions (1 165 minute), and its minimal detectable precipitation amount is 0.006 mm hr -1 . From 2DVD, the rain 166 DSDs are observed from 41 bins (0.1 -10 mm), and its minimal detectable precipitation amount 167 is 0.01 mm hr -1 . In addition to rain rate, the mean mass-weighted raindrop diameter (D m ) is also 168 provided from 2DVD, which is used for evaluating retrieved D m from radar measurements. 169
Ceilometer 170
A Vaisala laser ceilometer (CEIL) operates at the SGP Central Facility, sensing cloud 171 presence up to a height of 7700m with 10-m vertical resolution. The laser ceilometer transmits 172 near-infrared pulses of light, and the receiver detects the light scattered back by clouds and 173 precipitation. It is designed to measure cloud-base height. 174 cloud base is higher than the melting base and (II) the cloud base is lower than the melting base. 179
For situation (I), there are almost no cloud droplets below melting base (CLWP = 0), and thus the 180 LWP below the melting base is solely from raindrops. The LWP is calculated by integrating 181
RLWCs over this layer. The RLWCs could be retrieved by analyzing the measured Doppler 182 Velocity Differences ("DVD Algorithm") from two collocated VPRs. In situation (II), the small 183 cloud droplets and large raindrops coexist below the melting base. Both raindrops and cloud 184 particles contribute to LWP. RLWP will be still estimated using "DVD Algorithm". CLWP will 185 be retrieved using an attenuation-based algorithm named as "Attenuation Algorithm". The 186 algorithms for LWP estimation are summarized in a flowchart (Fig. 2) . 187
Situation I (no cloud droplets exist below the melting base) 188
The algorithm from Williams et al. (2016) was developed based on an assumption that the 189 3-GHz VPR operates within the Rayleigh scattering regime for all raindrops, while the 35-GHz 190 VPR operates within the Rayleigh scattering regime for small raindrops (diameters < ~1.3 mm) 191
and non-Rayleigh scattering regime for larger raindrops (diameters ≥ ~1.3 mm). The different 192 scattering regimes for the two operating frequencies result in different estimated radar moments. 193
These estimated radar moments are in functions of rain microphysics. Thus, the rain microphysics 194 could be retrieved with given measured radar moments. The details of this "DVD Algorithm" 195 and uncertainty estimation are introduced in Appendix A. 196
Situation II (cloud particles and rain droplets coexist below the melting base) 197
In situation (II), substantial cloud particles exist below melting base, and both RLWP and 198 CLWP retrievals are needed to estimate the LWP. The total two-way attenuation of 35-GHz VPR 199 signals, A (in decibels, dB), in a layer between the melting base and the cloud base, mainly consistsof rain attenuation, liquid clouds attenuation, and gaseous attenuation. The total attenuation (A) 201 are expressed as: 202 A= 2 C R m ∆H + 2 B CLWP + G.
(1) 203 R m is layer-mean rain rate, and ∆H (km) is the thickness of the layer (Matrosov, 2009) . G is the 204 two-way attenuation/absorption from atmospheric gases, which is relatively small, and the 205 absorption by gases has been already corrected in the KAZR ARSCL dataset and is assumed to be 206 zero in our retrieval. 207 C and B are the coefficients for rainfall and cloud liquid water attenuation. 208 where r am and r a0 are the mean air density in the rain layer and the density at normal atmospheric 215
conditions. 216
Based on (1), CLWP can be written as: 217
The attenuation (A) is estimated by comparing the drop in Ka-band reflectivity with the 219 un-attenuated S-band reflectivity through the cloud. Assuming the changes in reflectivity with 220 altitude due to changes in raindrop size distributions with altitude are similar for Ka-and S-band 221 reflectivities, then the difference in reflectivities through the cloud is a proxy for attenuation. This 222 can be expressed using
224
Notice that the absolute calibration of the radar was not important to the retrieval results since the 225 retrieval of CLWP used S-Ka differential attenuation. This avoids the radar calibration (Tridon et 226 al., 2015 and , which is a serious issue limiting the accuracy of radar retrievals. 227
The R m is estimated as: 228 
Retrieval Results and Discussions 242

Case Studies 243
Even though situation (I) is dominated (Fig. 1) , especially in Case A, the ceilometer cloud leaving behind a large area of stratiform rain (Case A in Fig. 1 ). This stratiform system passed 255 over the ARM SGP site and observed by two VPRs, and disdrometers as shown in Figures 1a-1c . 256
It clearly shows the 3-GHz radar echo tops are much lower than those from the 35 GHz VPR. 257
Even though there is attenuation at 35-GHz by the raindrops and melting hydrometeors, the 35-258
GHz radar can still detect more small ice particles at near the cloud top. The "bright band", which 259 occurs in a uniform stratiform rain region, is clearly seen from the 3-GHz VPR (a sudden increase 260 and then decrease in radar reflectivity) but is not obvious from the 35-GHz VPR due to the non-261
Rayleigh scattering effects at 35 GHz (Sassen et al., 2005; Matrosov, 2008) . 262 decrease from 2.5 km to the surface. One of the highlights of this study is, in addition to the surface 277 rain rate, which can usually be observed using surface disdrometers, the vertical profiles of rain 278 microphysical properties are retrieved. These retrieved rain microphysical properties will shed 279 light on the understanding of liquid cloud and rain microphysical processes (like condensation, 280 evaporation, autoconversion and accretion etc.) in the models. 281
To evaluate the rain property retrievals, we compare the retrieved rain microphysical 282 properties, the D m , and rain rate at the surface, with the surface disdrometers measurements ( respectively, from 2DVD, RD-80 and radar retrieval. The mean rain rates from 2DVD and RD-287 80 measurements are almost the same although there are relatively large differences during certain 288 time periods, while the retrievals from this study, on average, underestimate the rain rate by ~10% 289 compared to the disdrometer measurements. More statistics (mean differences, their 95% 290 confidence intervals of mean differences and root mean square errors) can be found in Table 2 .
Overall, the mean differences are within the retrieval uncertainties. The variation of RLWP (Fig.  292 4c) mimics the variation of retrieved rain rate in Fig. 4d . The mean value of RLWP is 0.55 kg m -293 2 for this case, which is also the LWP below the melting base. 294
Case B 295
On 11 May 2011, a surface cold front moved across the Oklahoma-Texas area and then 296 convections were initiated. At 1600 UTC, a mesoscale convective system organized with a parallel 297 stratiform precipitation region. Two-three hours later (~1830 UTC), the mesoscale convective 298 system was transitioned to a trailing stratiform mode passed over the ARM SGP site. The large 299 The rain rates, in this case, vary quite large, ranging from 0.02 to 4.78 mm hr -1 with means of 1.36, 310
1.26 and 1.66 mm hr -1 , respectively from single 2DVD, RD-80, and our retrieval. It is found that, 311 from both Case A and Case B, the mean value from RD-80 is smaller than that from 2DVD. This5.4 mm for RD 80, while 0.1 to 10 mm for 2DVD). More statistics can be also found in Table 2 . 314
Overall, the mean differences are still within the retrieval uncertainties for this case. 315
Secondly, the CLWP is retrieved using "Attenuation Algorithm" introduced in section 3.2. 316 We also processed the ARM MWR retrieved LWPs during MC3E and compared them with 346 our retrievals as illustrated in Fig. 7a . The corresponding LWP uncertainties are also provided as 347 the grey error bar for each retrieval with rain rate indicated by colors. It is noticed that the MWR 348 has no LWP estimation when the rain rate is large. The MWR-retrieved LWPs increase with 349 increased rain rate, and the retrievals from MWR are much larger than the new LWP retrievals at 350 high rate rates. The newly retrieved LWPs weakly correlate with rain rates, and most values are 351 less than 1.0 kg m -2 , especially at high rain rates. The MWR retrieved LWPs increase with rain 352 rate generally. The increase of retrieved LWP with rain rate from MWR is possibly due to the 353 "wet radome" effect (Cadeddu et al., 2017) . In addition to the issue from standing water on the 354 radome, the extinctions due to raindrops also affect MWR retrievals. The extinction for rain is 355 much larger than that for cloud (Sheppard, 1996) , and thus, the small amount of rain water could hours samples during MC3E show that the occurrence of cloud droplets below the melting base is 390 low (9%), while the CLWP value can be up to 0.56 kg m -2 , which is much larger than the RLWP 391 (0.10 kg m -2 ). When only raindrops exist below the melting base, the averaged RLWP value is 392 0.32 kg m -2 , which is much larger than the mean RLWP in the cloud droplets and raindrops 393 coexisted situation. Our retrievals are also compared with ARM MWR retrieved LWPs. It is 394 noticed that the MWR has no LWP estimation when the rain rate is large. The MWR-retrieved 395
LWPs increase with increased rain rate, and the retrievals from MWR are much larger than our 396 LWP retrievals at high rate rates. The LWP differences are fully discussed. 397
Reliable retrievals of RLWC and RLWP are critical for model evaluation and improvement, 398 as RLWC (rain mixing ratio) is an important prognostic variable in weather and climate models. 399
Furthermore, the retrievals in the whole rain layer would be useful to understand the microphysical 400 processes (i.e., condensation, evaporation, autoconversion, and accretion etc.) and have great 401 potential to improve model parametrizations in the future. Overall, the LWP (CLWP and RLWP) 402 retrievals derived in this study can be used to evaluate the models that separately predict cloud andliquid clouds and by rain is larger at 94 GHz compared to 35 GHz (Matrosov, 2009 
respectively. 432
The intrinsic (non-attenuation) reflectivity factor and the mean velocity and the spectrum 433 variance are the zeroth, first, and second reflectivity-weighted velocity spectrum moments: 434 where ñ ó is the discrete velocities and ∆ñ is velocity resolution in the integration. 438
The Doppler Velocity Difference (DVD) is defined as 439
(A8) 440
Note that both DVD and SV are dependent on DSD parameters (D m and µ) only. 441
The RLWC and rain rate (RR) can also be described using the DSD: 442 (Fig. A(a) ). Similarly, a value of 456 Z 3GHZ LWC (or Z 3GHZ RR) can be found with measured DVD and SV 35GHz using the LUT in Fig. A(b) 457 (or Fig. A(c) ). Then RLWC (or RR) can be estimated using (A11) (or (A12)) with measured 458 reflectivity at 3-GHz (Z 3GHZ ). 459
The observed radar Doppler velocity difference can be assumed to be equal to the DSD 460 velocity difference for two reasons: (1) even though the radar observed Doppler velocity spectrum 461 can be broaden by the air motion, this spectrum broadening variance is small (within 2%) relative 462 to the DSD velocity spectrum because of the narrow beamwidth (0.2 o ) of KAZR and (2) spectrum 463 broadening is symmetric, which does not affect the first spectrum moment and the DSD mean 464
Doppler velocity only shifts due to the air motion. Therefore, the measured differences of Doppler 465 velocity between the 3-GHz and 35-GHz radars vertical pointing observations are independent of 466 air motion and can be assumed to be the same as DVD from (A8). The validity of such an 467 assumption is fully discussed in Williams et al. (2016) . 468
The variabilities of 3-GHz and 35-GHz VPR observations within each 1-minute/60-meter 469 bin are regarded as the measurement uncertainties and will be propagated through the retrieval toproduce retrieval uncertainties. The retrieval uncertainties are estimated follow two steps: (1) 471 construct a distribution of input radar measurements. For example, the temporal resolution for 3-472
GHz VPR is seven seconds, thus there are about nine radar reflectivities observed for one minute. 473 A normal distribution is generated first using the mean and standard deviations of these nine 474 observed radar reflectivities for this 1-min/60-m resolution/bin. (2) repeat the DVD retrievals 475 using samplings from distributions of all input measurements. We randomly select 100 groups of 476 members from those (DVD, SV 35GHz , Z 3GHZ ) normal distributions to form 100 realizations, and then 477 produce 100 separate output estimates. The mean and standard deviation of the 100 solutions are 478 regarded as the final retrieval and the retrieval uncertainty. 479
The uncertainties of RLWP are estimated based on the uncertainties of RLWC. More 480 specifically, we first estimated the RLWC uncertainties at each height level, and then we calculated 481 the ratios of RLWC uncertainties to the mean retrieved RLWCs at each height level, which 482 represent percentage values of retrieval uncertainties. Finally, we calculated the mean ratio of the 483 uncertainties in the whole liquid layer below melting base and regarded this mean ratio as the 484
uncertainty of RLWP. 485
It is noted that the uncertainty here only considers estimates of instrument noise, not the 486 uncertainties associated with assumptions used in the retrieval. For example, the gamma size 487 distribution used in (A2) is an approximation which may introduce error into the retrieval. 488
However, it is very difficult to quantify this type of retrieval uncertainty. In this study, we further 489 compared our retrievals with independent surface disdrometers measurements to estimate the 490 uncertainties of retrievals. Also, when both radars are observing at Rayleigh scattering for small 491 raindrops, the reflectivity-weighted radial velocities for these particles should be the same. In 492 order to have a difference in radial velocity during the retrieval, large droplets must exist. Themaximum diameters in drop size distribution measured from disdrometer for all the stratiform 494 cases during MC3E are investigated. It is found that the occurrence of small-droplets-only 495
(maximum diameter <1.3 mm) is very low (less than 3%). Thus, it will not have a significant 496 impact on the retrieval results. Notice that this algorithm is not suitable for strong convective rain 497 due to the wind shear and strong turbulence as well as severe attenuation and extinction of the Ka-498 band radar signal. 
. (B1) 503
The attenuation (A) is estimated by comparing the drop in Ka-band reflectivity with the un-504 attenuated S-band reflectivity. The rain attenuation is estimated by the rain attenuation coefficient 505 (C) multiplied by the total rain rate (R total ). C and B are the coefficients of rain and cloud water 506 attenuation with values of ~ 0.26 dB /km /mm hr -1 and ~ 0.87 dB / kg m -2 , respectively. The 507 influence of temperature uncertainty in B on the retrieval error is minor compared to the 508 uncertainties of the total attenuation (A) and total rain rate (R total ) (Matrosov 2010 ). The 509 uncertainty of CLWP is calculated as 510
For given uncertainties of attenuation (Δa) and total rain rate (Δr), the uncertainty of CLWP can 513 be calculated based on equation (B3). (Table A) . Table A 
